The planning of technological research and development (R&D) is demanding in areas with many relationships between technologies. To support decision makers of a government organization with R&D planning in these areas, a methodology to make the technology impact more transparent is introduced. The method shows current technology impact and impact trends from the R&D of an organization's competitors and compares these to the technology impact and impact trends from the organization's own R&D. This way, relative strength, relative weakness, plus parity of the organization's R&D activities in technology pairs can be identified.
Introduction
The planning of research and development (R&D) requires technological trend analysis to ensure an effective investment of limited R&D budgets within organizations [1] . However, trend analysis is a very demanding task in areas where many interrelations and interdependencies between technologies occur because the impact of all related technologies has to be considered. Therefore, analyzing the impact across technologies is helpful for R&D planning and also to develop R&D strategies in these areas.
To support an organization's strategy and R&D planning, the technology impact analysis should be done both for the organization's own R&D activities (from now on referred to as 'internal R&D') as well as for the competitors' R&D activities (from now on referred to as 'external R&D'). By comparing the technology impact from internal R&D to the impact from external R&D, one can portray the advantages and the disadvantages of the internal R&D to competitors' external R&D. This improves the planning of R&D activities [2, 3] , the systematic identification of R&D priorities [4] , the discovery of current technological vacuums [5] , and the analysis of technological trends and opportunities [6, 7] for the organization at hand.
The internal R&D technology impact analysis focuses on the relationships between technologies of the many simultaneously run R&D projects in the organization's R&D department. Typically, one R&D project deals with several different technologies. Therefore, each internal R&D project is assigned to one or several technologies from a specific technology list or taxonomy [8] by multi-label classification [9] . Analyzing this multiple classification shows which R&D projects are frequently assigned to specific technologies. This enables to calculate the cross impact index estimating the impact across these technologies developed by the organization. A proper calculation of this cross impact index requires a large number of internal R&D projects working on many different technologies. Companies normally do not have a large number of internal R&D projects or they are limited to a small number of technologies. Therefore, our approach focuses specifically on government organizations with a large number of R&D projects (> 100 projects) and a large technological scope (> 20 technologies).
The estimation of the technology impact from internal R&D should be augmented with the analysis of the relationships between technologies of external R&D. After all, no organization is so large that it has enough resources to excel in all technological areas or that it could not benefit from the advice of others [10] . For instance, organizations could learn from small firms, which are often more innovative. Therefore, it is necessary to consider R&D activities related to the internal R&D technologies from other organizations, i.e. external R&D. Patent data are used as representative for external R&D (see Sect. 2.3) because patents normally represent results of R&D projects. If this external R&D is also assigned to several technologies from the above mentioned technology list or taxonomy using multi-label classification then the impact across these technologies can also be estimated for the R&D activities of the organization's competitors. This paper uses cross impact analysis (CIA) to estimate the impact of each technology on other technologies in a quantitative way as opposed to the more common qualitative approach by means of literature surveys and expert interviews. Our focus on large application fields characterized by a large number of corresponding technologies makes traditional qualitative CIA inappropriate (where a cross impact matrix is constructed by technology experts estimating the initial impact probabilities of each technology and the conditional impact probabilities of each technology pair [11, 12, 13] ). However, in large application fields, a large number of corresponding technologies exists e.g. in the 'defence' application field the European Defence Agency (EDA) taxonomy of technologies consists of more than 200 technologies. To construct a 200-by-200 cross impact matrix n * (n-1) = 200 * 199 = 39.800 estimations are required by human experts. As can be seen from this example, a qualitative CIA approach in large application fields seems infeasible.
In this paper, a quantitative CIA approach is used to compute technology impact estimates that incorporate both internal and external R&D. In contrast to other quantitative CIA approaches which estimate the absolute impact of technologies (see Sect. 2.1), we first focus on technologies from an application field (e.g. 'defence') by assigning both internal R&D from an organization as well as external R&D to these technologies by multi-label classification. Then, we evaluate the relative impact of technologies by comparing the impact from internal R&D to the impact from external R&D, as captured by a new index we developed called the Compared Cross Impact (CCI) index (see Sect. 3 ). This relative impact shows how a government organization with many R&D projects can profit from the R&D of others (see Sect. 4 and 5).
This paper contributes to previous research in multiple ways. The main contribution of the proposed approach is the new CCI index that identifies relative strength, relative weakness, plus parity of the organization's R&D activities in technology pairs. The second contribution is a method to determine the characteristics of relationships and to show whether two technologies are equally influencing one another (symmetry) or whether the impact of the first technology on the second is different from the impact of the second technology on the first (asymmetry). A third contribution is the presentation of a CCI network graph that shows the overall structure and the complex CCI relationships between several technologies. Finally, changes of the CCI are analyzed over time to discover trends regarding how the technology impact changes over time. They show which technology should receive more or less development and investment.
Overall, the results testify to the ability of CCI to generate useful insights for R&D decision makers of organizations.
Background
This approach combines methods from CIA and text classification and it applies them on patent data. The following paragraphs give an overview on existing CIA and text classification methods and on the (dis-) advantages of patent data.
Cross impact analysis
The use of CIA was first mentioned in 1968 [16] and consists of five steps. Firstly, events (e.g. technologies) are defined. Then, the occurrence probabilities and the conditional probabilities between events are estimated in the second and third step. Fourthly, a calibration run is performed to access the consistency / stability of the probabilities and last, the results are evaluated.
In literature, many improved CIA approaches have been introduced. Most of these necessitate the involvement of human experts and are therefore more subjective. The approaches are applied to different areas. Dalkey presents conditions for computing the occurrence probabilities of the first-and second-order [17] . To compute the higher-order probabilities, Duperring and Godet suggest a quadratic programming method [18] and Mitchell provides a linear programming method [19] . Enzer uses CIA to forecast future technologies based on a Delphi survey. Blanning and Reinig use the ratio of experts to define the occurrence probability P(A) (the percentage of all experts who predict the occurrence of A) and the conditional probability P(B|A) (the number of all experts who predict the occurrence of both A and B divided by the number of all experts who predict the occurrence of A) [20] .
Additionally, more objective CIA approaches have also been introduced. Caselles-Moncho uses cumulative sales probabilities over time to compute the occurrence probabilities [21] . Jeong and Kim create inference algorithms based on linguistic values and the time lag as fuzzy numbers to compute the conditional probabilities between technologies [11] . A patent based CIA is presented in [1] . The standard assignment of US patents to the United States Patent Classification [22] is used to assign patents to several patent classification codes (PCC). A PCC impact index Impact(A,B) = P(B|A) is proposed to compute the impact of PCC A on PCC B.
Text classification methods
Text classification aims at assigning pre-defined classes (e.g. technology areas) to text documents (e.g. patent descriptions). The most frequently used data mining methods for text classification (categorization) are described in [26] : Naive Bayes is a probabilistic classifier simplifying Bayes' Theorem by naively assuming class conditional independence. The k nearest neighbor (k-NN) classification as instance-based learning algorithm selects documents from the training data which are 'similar' to the target document. Subsequently the class of the target document can be inferred from the class labels of these similar documents. Decision trees [27] are non-parametric classifiers recursively partitioning the observations (patent documents) into subgroups with a more homogeneous response (technology area). C4.5 is a well-known decision tree algorithm. A Support Vector Machine (SVM) is a supervised classification algorithm that determines a hyperplane, which separates the positive examples from the negative examples of the training data. A small number of training examples (support vectors) determine the actual location of the hyperplane. Then, target documents are assigned to one side of this hyperplane.
The centroid-based approach [28] describes classes by a centroid vector that summarizes the characteristics of each class, but not by a number of training examples like k-NN and SVM. The assumption of a centroid classifier is that a target document should be assigned a particular class if the similarity of the document vector to the centroid vector of the class is the largest.
Patent data
Patent data are a valuable source of information concerning R&D. The data are useful to researchers for technological decision-making as well as to technology planners for R&D strategy making. Nevertheless, there are some limitations to use patent data because not all inventions are patented [14] , the interpretations of patent analyses are not consistent across technology fields [15] , and changes in patent law make it difficult to analyze trends over time [14] . However, patents are often used in analyses on technological innovation.
In patent research, statistical data are normally used (e.g. number of patents, application year, registration country, citation information). On the contrary, this research focuses on patent classification data by multiple assignment of patents to technologies and by computing the impact across these technologies. Patent data are used as representative for external R&D.
Comparing the external R&D impact to the impact of internal R&D activities from a large organization leads to interesting knowledge for planning and managing R&D activities in this organization.
Methods: A compared R&D-based and patent-based

CIA
Overview of proposed CIA
Our proposed quantitative CIA approach to estimate the impact between technologies for organizations with many R&D projects consists of multiple steps as depicted in Fig. 1 . In a preprocessing step, internal R&D and external R&D are assigned to specific technologies based on internal R&D project information and patent data respectively. In a second step, the cross impact indexes CIint(A,B) and CIext(A,B) for each technology pair are calculated. Next, the cross impact indexes CIint(A,B) and CIext(A,B) are rounded and recoded to boolean cross impact indexes BCIint(A,B) and BCIext(A,B). In the fourth step, a CCI index CCI(A,B) for each technology pair is calculated and characterized. These CCI scores already provide insights into the organization's relative strength and relative weakness. In the fifth step, a CCI network graph is created visualising the CCI of technologies thereby facilitating the identification of relative strength and relative weakness even more. Steps one to four are discussed in Sect. 3.2 and Sect.
3.3 below. Sect. 3.4 elaborates on step 5. Finally, Sect. 3.5 documents on how the entire fivestep approach can be applied on longitudinal data to infer evolution in technology impacts. 
Estimation of the new compared cross impact index
We adapt the PCC impact index from Sect. 2.1 to a) measure the cross-technology impact of external R&D as reflected by patents and b) measure the cross-technology impact of internal R&D. These modified indices are defined below: Definition 1. Let Next(A) be the number of patents (as representative for external R&D) that are associated with technology A and let Next(A ∩ B) be the number of patents associated with both, technology A and B. Then, the cross impact index for external R&D CIext(A,B) is defined as the conditional probability between technology A and technology B considering patent data.
In a similar way the cross impact index for external R&D CIext(B,A) is defined as the conditional probability between technology B and technology A considering patent data.
Let Nint(A) be the number of R&D projects (as representative for internal R&D) that are associated with the technology A and let Nint(A ∩ B) be the number of R&D projects associated with both, technology A and B. Then, the cross impact index for internal R&D CIint(A,B) is defined as the conditional probability between technology A and technology B considering internal R&D projects.
Likewise, the cross impact index for internal R&D CIint(B,A) is defined as the conditional probability between technology B and technology A considering internal R&D projects. Next, the R&D-technologies multiple assignment and calculation of the cross impact index is repeated for external R&D using patent data instead of internal R&D information. The patent data are assigned to the technologies from the above described technology list or taxonomy. For this, methods from text classification can be used (see Sect. 2.2). This means those patents are considered that are related to at least one technology. The advantages of this patent-based CIA for researchers and technology planners are described in [1] . The disadvantage of patent-based CIA is that it neglects the technological relationships of the internal R&D when assessing the cross-technology impact. 
The cutoff percentage is separately defined for internal and external R&D. This is because the number of internal R&D projects is much smaller than the number of patents. As an example, if A has an impact on technology B. As seen from this example, it is necessary that cutoff values are separately defined for internal and external R&D e.g. for the case study in Sect. 4, the cutoff percentage for internal R&D cint is set to 0.25 whereas the cutoff percentage for external R&D cext is set to 0.20.
Definition 3. Starting from the boolean cross impact indexes we define a CCI index CCI(A,B)
as the difference between the internal and external boolean cross impact index.
Depending on whether BCIint(A,B) and BCIext(A,B) are zero or one, the result value of CCI(A,B) is negative one, zero, or positive one (see Table 1 ). If CCI(A,B) equals negative one then a relative weakness in this area is observed for the organization. Technology A has an impact on technology B in the external R&D but not in the internal R&D. The internal R&D does not exploit this technology pair intensively. A potential strategic decision could be to increase R&D activities in this area. Alternatively, to gain strength in this area, the organization could outsource these R&D activities (to buy external R&D know how).
If CCI(A,B) equals positive one then this area can be considered a strength. This occurs, when technology A has an impact on technology B, in the internal R&D but this impact is absent from the competitors' R&D. A potential strategic decision based on this information is presented below: R&D in this area that does not increase value (e.g., it is old-fashioned or no consumers can be identified that are interested in future products from this area) leads to a strategic decision that decreases R&D activities in this area.
A CCI(A,B) of zero leads to two different cases. the more is the parity or the probability that there is no impact. Normally, decision makers of organizations preferred results that are easy to interpret created by transparent approaches. Thus, the use of Boolean cross impact indices is preferred in this approach. These characteristics are used to build a CCI network graph (see Sect. 3.4).
CCI network graph
The CCI calculates the relationship between two technologies considering both internal and external R&D. However, each technology can affect two or more technologies and vice versa. A sequential impact between several technologies (where technology A has an impact on technology B and technology B has an impact on technology C) also can be found in the network graph. Then, the strategic decision to start new internal R&D activities in technology A might lead to an increased strength in technology C.
As an example, Fig. 2 shows a symmetrical relative strength between A and B and it also shows an asymmetrical relationship between A and C as well as between B and C. The impact of C on B represents a parity and the impact of B on C represents a relative strength. Additionally, a relative weakness is seen concerning the impact of C on A and no impact is seen of A on C.
Further, a 3-element long sequential relative strength A B C can be seen. Last, technology
A influences B and is influenced by B and C. 
Changes of CCI
The CCI constantly changes over time because it is based on the cross impact with regard to internal R&D and external R&D. It is characteristic for R&D activities of organizations that many new R&D projects start and many existing R&D projects are completed every year. A new R&D project often focuses on a different technology combination and therefore, the impact across technologies changes over time. It is also characteristic for patent data that the impact across technologies changes because of the change in customer needs and the occurrence of new technologies.
The change of the cross impact between technologies concerning internal R&D can be computed by using information from the R&D program of the organization in a specific year.
An R&D program is the collection of all active R&D projects. Using this yearly internal R&D information, the cross impact between technologies in a specific year can be identified and used in the CIA approach. Additionally, by collecting the patents that are registered in a specific year the cross impact between technologies in a specific year concerning patent data can be identified.
Then, the CCI and the degree of change can be computed using the proposed compared CIA . This is partly due to applied science R&D projects often using several technologies to create a defence application [25] . 
Technology collection
Collection of external R&D
Centroidbased patent classification
In this case study, we opt for centroid-based patent classification. Below, we substantiate this methodological choice. Centroid-based classifiers have been widely used in many web applications and previous work [29] has shown that the prediction accuracy of centroid-based classifiers is significantly lower than other approaches (e.g., SVM). However, two advantages are important in practice. Firstly, the centroid-based algorithm has a very intuitive meaning [30] for patents. Table 4 Table 3 CIint ( 
Results and Discussions
CCI between technology areas
Relative strength
In the case study, a relative strength for the R&D of the GE MoD can be seen in various technology area pairs where the CCI(A,B) equals positive one (see Table 3 ). Here, the R&D-based cross impact score CIint(A,B) is greater than or equal to the internal cutoff value and the patent-based cross impact score CIext(A,B) is smaller than the external cutoff value. Below, we describe these technology area pairs.
A focal point of the GE MoD is the R&D to create a MEE (More Electric Engine Systems' e.g. to provide significant survivability to the German infantryman. Therefore, 32% of all R&D projects in technology area C05 are also assigned to technology area B11.
Additionally, the intensive R&D in guidance and control systems for weapons to reduce collateral damage leads to an impact of technology area B07 on technology area C03 and the intensive R&D for a chemical oxygen iodine laser leads to an impact of technology area A07 on technology area A04. Together with expert knowledge (e.g. the fact that R&D in chemical oxygen iodine lasers probably does not increase value because it might be old-fashioned concerning fibre lasers), an advise can be given to decrease these R&D activities.
These results show that the GE MoD has strength in several technology area pairs and that other organizations (e.g. competitors) do not have strength in these technology area pairs as apparent from the small patent-based cross impact scores CIext(A,B). An organization should aim to build on its relative strength specifically when R&D in these technology area pairs increases value. As such, knowledge about own relative strength and its competitors' relative weakness can be used for R&D planning and strategic decision-making.
Relative weakness
Besides relative strength, Table 3 also portrays a relative weakness for the R&D of the GE MoD in technology area pairs where the CCI score equals negative one. This is the case when the R&D-based cross impact score CIint(A,B) is smaller than the internal cutoff value of 0.25 and the patent-based cross impact score CIext(A,B) is greater than or equal to the external cutoff value of 0.20. Below, we describe these relative weakness technology area pairs.
In patent data, a symmetrical impact of navigation technology on communication technology can be found as described in [1] . Here in this case study, we also identify a symmetrical patent- then it can easily gain strength in a technology area like B10 in which it has relative weakness e.g. by R&D outsourcing. From this 'defence' application it is clear that the knowledge about these relative weaknesses and about the possibilities to bridge these gaps can be used for R&D planning and strategic decision making.
Parity technology area pairs
The case study also identifies R&D technology area pairs being both focal to the GE MoD as well as to other organizations. These technology area pairs appear as third group in Table 3 where both the R&D-based cross impact score CIint ( Another core theme of GE MoD is R&D for an intelligent smart sensor. Therefore, many R&D projects from technology area B06 'Sensor Systems' are also assigned to technology area A09 'Information and Signal Processing Technology'. The R&D activities can be classified as parity because a patent-based impact of B06 on A09 is also observed. These results show that the GE MoD has strength in several technology area pairs in which other organizations also have strength. A strategic decision to decrease development and investment in a parity technology area pair probably leads to a relative weakness in the future. Therefore, this information can be used for R&D program planning and strategic decision making.
Technology area pairs with no impact
Technology area pairs with no impact are not listed in Table 3 because the R&D-based and patent-based cross impact scores are smaller than the corresponding cutoff values. However, they represent potential future strengths if they receive more development and investment from the GE MoD in the future. An example for using these technology area pairs in R&D planning is given in Sect. 5.3 Characteristics of the CCI between technology area pairs 
CCI network graph
Based on the results of the case study, a CCI network graph of EDA technology areas is presented in Fig. 3 In summary, the above illustrates how the CCI network graph allows guiding research planning and strategic decision making.
Changes of the CCI
In Table 3 Table 5 ). In the 
Summary and conclusions
This 
